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Chapter 1 
Introduction
Solid-liquid equilibrium (SLE) phase diagrams are commonly used in the 
preparation of ceramic materials and the refinement of metals. The diagrams are used 
to determine the phase composition of the materials as a function of bulk mixture and 
temperature. SLE diagrams are also necessary in zone refinement and crystal 
fractionation. Stoicos and Eckert(1985) presented a chemical-physical model to predict 
the liquidus line of phase diagrams of binary systems in August of 1985. The model 
required knowledge of chemical and physical properties of the two components: heat 
of fusion, freezing (melting) temperature, molar liquid volumes, and solubility 
parameters. If a compound formed in this solution, knowledge of the equilibrium 
constants was also required. If an SLE phase diagram can be predicted from the 
properties of the two species, then it stands to reason that it should also be possible 
to predict these same chc cal-physical properties (heat of fusion, freezing 
temperature, molar liquid volumes, activity coefficients, or equilibrium constants) from 
the phase diagram.
In this study, an apparatus for measuring the liquidus line of binary SLE 
diagrams was designed and constructed; a procedure for operation was developed; 
and methods for evaluating heat of fusion, solubility parameter, and activity 
coefficients were devised. The data collected for the following systems will be 
presented and discussed along with the apparatus, experimental, and evaluation: 
nitromethane and acetone, thianthrene and phenanthrene, salicylic add 
(2-hydroxybenzolc add) and phenanthrene, and 3-hydroxybenzoic add and 
phenanthrene.
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Chapter 2
Background
Recently, much work has been done by J. B. Ott and J. R. Coates with solid- 
liquid phase diagrams. Among their publications, is the design of the equipment and 
that they use in the measurement of freezing temperature (Goates et.al., 1961) The 
design of the apparatus presented here is strongly based upon their apparatus. Also 
among their publications, are many binary system SLE phase diagrams. Two of these 
systems-carbon tetrachloride and furan, and carbon tetrachloride and pyridine 
(Guanquan et. al., 1986)-were used to refine the experimental apparatus and 
procedure presented in this report.
The mechanics of SLE phase diagrams are described to some detail by 
Atkins(1986). Figure 2.1 taken from this source shows a simple binar> phase diagram. 
A liquid mixture of two components, at a given composition, when cooled, eventually 
reaches a temperature at which one of the components begins to freeze and 
precipitate. During this time, the apparent heat capacity increases due to the heat 
released (Ah*) from the freezing sample. This results in a different temperature versus 
time derivative than for the all liquid solution. As the sample is further cooled, more 
of the compound precipitates. Once the sample has reached the eutectic temperature, 
both compounds solidify during which time the temperature holds constant. Once 
both compounds are frozen, then the temperature will resume dropping. (Figure 2.2).
A rigorous work-up of the equations used to relate the solid-liquid equilibrium 
to the chemical-physical properties can be found in Prausnitz(1986). The following is 
a quick overview of the development of the equation:
As with any phase equilibrium condition, fugadties must be equal in both 
phases,
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Substituting (4), (6), (8) into (3) results in
In L i-
5The heat capacity terms can be eliminated due to their relative Insignificance 
coir-wred to the heat of fusion term. Discarding these two terms and substituting in
(2),
In (x2y2) -  -Ah/RTm * (Tm /T - 1) (10)
The activity coefficient can be expressed in terms of the Regular Solution
theory.
(IDIn fi *  v2 (82 - «2>2 12 /  RT 
f  = (x,v,) /  (x,v, + x2v2) (12)
Chapter 3 
Apparatus
The design of the freezing point apparatus was made to be as simple as 
possible without sacrificing the quality of the data. The design, however, had to 
allow for acceptable heat transfer, correct temperature measurement and recording, 
and sufficient stirring of the sample. The apparatus had to be able to keep the 
sample isolated from the atmosphere to prevent water from getting into the sample. 
Before any drawings were made, a reference to the equipment used by Goates and 
Ott(1961) in their work with solid-liquid equilibria was investigated. Many of the 
principle elements found in their apparatus were put into the design of the one 
described herein. Three major systems exist in the layout of the freezing point 
apparatus-freezing, stirring, and recording of temperature. The description of the 
equipment will be by system. Figures 3.1 and 3.2 show a schematic diagram and a 
photograph respectively of the overall system.
The freezing system is the central and most involved element of the apparatus. 
It was constructed almost entirely by the School of Chemistry's glass shop. The 
chamber in which the sample is placed (Figures 3.3 and 3.4) is a 30cm long, 20mm 
OD vertical pyrex tube sealed at the bottom. The top of the tube ends in a 24/22 
male ground joint on which the cap (describes in the next paragraph) sits. Except for 
the top inch, the freezing chamber is encased in another pyrex tube 29cm long and 
38mm in outer diameter. This outer tube serves as a vacuum jacket that can be used 
to reduce the rate of conductive and convective heat losses from the sample. The 
jacket has two openings in it about 4cm from its top. On one side, it opens into a 
20cm long, 2mm ID pyrex tube. The tube is connected to the vacuum jacket with a 
12/5 ball and socket joint. This tube ends with a glass and teflon micrometering
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Figure 3.1 Schematic drawing of overall apparatus
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Figure 3.4 Photograph of freezing chamber
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valve. The valve serves either to allow air Into the jacket between runs or to provide 
a means of regulating the amount of vacuum in the jacket during runs. On the other 
side, the jacket opens into a 25cm long, 9mm ID pyrex tube. This tube is connected 
to the vacuum jacket with a 18/9 ball and socket joint. It connects the jacket to a 
#369 nitrogen trap which is connected to a 1 /3  hp GE oil vacuum pump by a flexible 
vacuum hose. The nitrogen trap is in the line to protect the pump by removing any 
condensables. Halfway between the vacuum jacket and nitrogen trap, there is a T in 
the tube connecting them. The branch is a 10/18 female ground joint. This joint 
allows a thermocouple pressure gauge to be attached. The gauge is welded to a 
covar tube that has ends in a 10/18 male ground joint.
In order to keep the freezing chamber sealed from the atmosphere during 
low temperature runs (to avoid the introduction of water into the sample), the 
chamber is topped off with a cap (Figures 3.5 and 3.6). This cap is primarily a 4cm 
high, flat-topped pryrex bulb with a maximum diameter of roughly 40mm. The 
bottom of the bulb is a 24/22 ground female joint which fits onto the top of the 
freezing chamber. While keeping the chamber scaled, this cap must accommodate the 
temperature probe and stirring rod which must pass through it and it must provide a 
means to add the sample to the chamber without the introduction of atmospheric 
vapor. To accomplish this, it has three holes that pass through its top. The center 
hole has a 2mm diameter and the outer two holes have diameters of 4mm and 5mm. 
These outer holes are diametrically opposed, 15mm from the center hole. A 15mm 
long 2mm ID pyrex lubt is connected to the center hole. This allows the temperature 
probe to enter the freezing chamber. The gap around the probe is sealed with silicon 
rubber. A 20mm by 4mm ID pyrex tube connects to the smaller of the outer two 
holes. This hole serves two purposes. A tygon nitrogen line is attached and sealed 
to the tube. The chamber can thus be flushed with nitrogen after the cap has been
12 m
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removed. The second purpose for this hole is to allow for the introduction of liquid 
samples. A hypodermic needle is sealed into the wall of die nitrogen line. Leaks 
around the needle are also sealed with silicon rubber. A valve attached to the needle 
keeps the chamber isolated horn the air. A 10cm by 9mm ID pyrex tube is attached 
to the last hole. The stirring rod (described below) passes through this hole. The top 
of this tube is sealed with a removable serum stopper.
The stirring system posed an initial challenge to the design of the apparatus. 
The sample needed to be stirred to eliminate temperature gradients which would 
result in uneven freezing and thus incorrect freezing temperature recording. At the 
same time the chamber needed to be kept isolated from the atmosphere. As a result, 
the stirring system consists of two parts: a stirring rod that is magnetically driven 
and a pair of magnets that oscillate vertically (Figures 3.7 and 3.8). This arrangement 
has the added benefit that while the stirring rod is held in the frozen sample, the 
motor magnet assembly is still free to move up and down. The stirring rod itself 
consists of a 50cm long piece of 16 gauge chromel wire. The bottom of the stirring 
rod is wrapped with a 6ft of 28 gauge chromel wire in the form of a loose "wad.” 
Chromel was chosen because the rod needed to be flexible enough to mold, yet rigid 
enough to hold the shape. (Initially, the rod was made of brass. The brass, however, 
appeared to be reacting with the sample and had to be discarded). The rod extends 
through the cap into the 9mm ID tube. In order for it to pass through the cap the 
rod is bent inward to fit inside the tapering of the top joint and then bent outward to 
go through to hole in the cap. The top of the rod is attached to a 3cm piece of 
circular iron that was cut from an 8mm OD rod. The chromel stirring rod passes 
through a hole drilled along the axis of the iron cylinder and is held by a kink 
molded into the rod. The external part of the system consists of two U-shaped bar 
magnets held by a stainless steel frame. The frame is composed of a 2” x 2" x 1/ 8"
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Figure 3.7 Schematic Drawing of Stirring Assembly
I'iyutv 3.8 Photograph of stirring assembly
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bade made of stainless steel to which two more squares of equal size are welded. 
The magnets had to be held to the frame so that north was across from north and 
south from south. If the magnets were held so that north opposed south, the iron 
load at the top of the stirring rod bar was more likely to not follow them. A 1/4" 
stainless steel rod is welded to the top of the back of the magnet assembly. This rod 
is held in a vertical position by a bushing block (Berry Bearing). The top of the rod 
is pinned to a 5" x 1/ 2" x 1/8" stainless steel connecting bar which in turn is pinned 
to a 1/8" thick 2" diameter stainless steel disk at a radius of 1 3/4". This disk is 
attached to the shaft of a 1 /4  hp motor that operates at 36 rpm. As the shaft turns 
the disk, the upper end of the connecting bar follows the disk around. The lower 
end, meanwhile, moves the 1/4" rod up and down thus moving the magnets. The 
magnets pull the iron load along with them. The load moves the stirring rod which 
mixes the sample.
The temperature monitoring system is by far the simplest aspect of the 
apparatus (although probably the most expensive). An Omega PR -ll-3-100-l/8"-12 
1/2-E RTD (resistance temperature devise) probe is used to read the temperature of 
the sample. It passes through the center hole of the cap and down to the bottom of 
the freezing chamber where it passes through the center of the chromel wad of the 
stirring rod. The RTD probe is connected to an Omega model 199B-P2-°C-A 
thermometer. The thermometer has both a visual display and an analog output (lm V 
/  °C) which is connected to a Sargent Model-SR chart recorder. This combination of 
thermometer and chart recorder allows for both present temperature readout and a 
temperature versus time profile.
Chapter 4 
Experimental
This apparatus, although initially designed to be used with solutions that are 
liquid at room temperature, has the flexibility to study systems that are either solid or 
liquid at room temperature. Most of the experimental procedure is identical for both 
solids and liquids. It is very important to start with highly pure chemicals. 
Impurities will lower the concentration of the freezing component and thus the 
freezing temperature. For all of the liquid systems presented, Aldrich Gold label 
99.99+% chemicals were used. Unfortunately, it is much harder to locate high purity 
solids. For the solid systems presented, Aldrich 99.5+% chemicals were used. 
Verification of sufficient purity was made by observing the pure component melting 
temperature. If this freezing point was below the range expected, then there was too 
much contaminate in that compound and it was then purified by recrystallization.
Before charging the sample into the apparatus, the freezing chamber, cap, 
stirring rod, and RTD probe were thoroughly cleaned and dried. A wash with soapy 
water (Dawn detergent), followed by a deionized water rinse, followed by an acetone 
rinse worked well for most systems. When working with solids, it was always 
necessary to empty the chamber while the sample was liquid. This meant heating the 
sample up to roughly 40 C ' above the temperature at which it melts. After the 
equipment is cleaned, the chamber was sealed and flushed with nitrogen. The liquid 
data presented here were taken after allowing nitrogen to flow through the freezing 
chamber overnight.
In order to minimize the amount of time required to make a run, the sample 
compositions were changed by incremental additions of one of the components to the 
freezing chamber. If the samples were to have been made outside of the chamber,
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the entire cleanup procedure would have had to be done between each individual 
run. A series of runs was begun by charging (next paragraph) a known weight of 
one of the pure components (usually around 8-10 g) and measuring its freezing 
temperature. After running a pure component, a weighed amount of the second 
component was added to that which was already in the sample chamber (usually 
enough to form a 5 or 10% composition) and the freezing temperature was again 
measured. This process of incremental additions and temperature measurements was 
continued until a 50-50% composition was achieved-making small enough increments 
(5-10%) to adequately represent the SLE curve. Once an equimolar composition had 
been reached, the apparatus was cleaned and the procedure repeated starting with the 
second component. Volumetric measurement of the sample are not as accurate as 
weight measurements and should be avoided. This difference can be seen by the 
improvement in the data between the first and second set of runs made of the carbon 
tetrachloride and furan system (Figure 4.1). The experimental data is plotted against 
the experimental data by Ott and Goates(1986). The only difference in procedure 
between these two sets, is the method of measurement.
Liquid samples were Introduced into the chamber through the valved 
hypodermic needle in the nitrogen line via a valved syringe that was loaded in a 
nitrogen filled glove box. The sample never contacted the atmosphere. Because the 
apparatus was originally designed to run liquid systems, solids could not be as 
neatly added to the apparatus--the cap had be taken off of the chamber to make the 
additions. Although this allowed the sample to contact the atmosphere, water should 
not affect the solid systems as much as liquid systems. The solid systems presented 
all had a eutectic temperature of at least 90°C at which the vapor pressure of water is 
almost atmospheric. The highest liquid system freezing temperature was -20°C at 
which water has a vapor pressure of less than 1/1000 of an atmosphere.
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The temperature at which the solid systems operate should have been enough to drive 
away any water that was introduced into the sample.
Once the sample was in the freezing chamber, the freezing temperature could 
be measured. The stirring motor, RTD thermometer, and vacuum pump were turned 
on and the vacuum jacket evacuated. (The chart recorder should have already be 
turned on to allow it to warm up.) Obviously, if the sample was liquid at room
temperature it needed to be cooled to the freezing temperature. If it was solid at
room temperature, it needed to heated. The liquid samples were cooled by
submerging the freezing chamber in a dewar flask filled with liquid nitrogen (Figure 
4.2). The rate of cooling could be controlled by varying the degree of vacuum around 
the sample with the micrometering valve. Solid systems were heated by wrapping 
heating tape around the freezing chamber (Figure 4.3). The rate of heating could be 
controlled by varying the setting on the variable transformer (Staco Energy Products) 
to which it is plugged into. Although solids had to be heated, and liquids cooled, Tm 
was always measured during freezing. This was because to get an accurate 
measurement of the freezing temperature, the sample should be homogenous. The 
stirring rod can greatly reduce thermal gradient in a liquid phase. It cannot function, 
however, in the solid phase-resulting in the center of the sample not being at the 
same temperature as at the wall. Under this condition an accurate freezing
temperature cannot be measured.
With the exception of pure components and for eutectic compositions, the 
freezing point cannot be measured just by watching the RTD readout. For these 
exceptions, the temperature remains noticeably constant during the freezing process. 
At all other compositions, the temperature does not remain constant until it reaches 
the eutectic temperature (Figure 2.2). The freezing temperature can, however, be read 
from the chart recorder. As previously stated in the chapter 2, once the mixture

begins to freeze, the apparent heat capacity rises. This rise results in a sudden change 
in the slope of the temperature versus time slope. The temperature at which this 
change occurs is the freezing point. Unfortunately, the temperature/time profile is not 
usually as simple as in Figure 2.2. Very often the sample will supersaturate. In these 
cases, the temperature drops below freezing temperature for a while. The sample 
then begins to freeze rapidly. As it freezes, it releases heat (Ah') which raises the 
temperature of the solution. The temperature peaks and then resumes dropping. If 
the degree of supersaturation is small (1-2 C°), then the freezing point can still be 
measured accurately. If the degree of supersaturation is large (10-20 C*), then it is 
almost Impossible to make even a fairly good guess of the correct measurement. In 
these situations, the run has to be redone until an accurate reading can be made. For 
intermediate degrees of luperieturation, the point can sometimes be determined if the 
time between saturation and freezing is small.
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Chapter .5 
Bwwlte
During the course of this study, the phase diagrams for six systems were 
completed. Besides the graphs shown in this section, the data collected for each 
system is presented in a table in Appendix A.
The first completed system was carbon tetrachloride and furan (Figure 4.1). 
This phase diagram forms a simple eutectic with no apparent compound formation. 
The sole purpose for running this mixture was to confirm that the apparatus and 
procedure being used where giving acceptable data. As previously mentioned, two 
sets of runs were done on this system. The first set was done using volumetric 
measurements. The data points collected were as much as 5 C° away from the curve 
measured by Goates and Ott(1986). The second set of data was taken using 
gravimetric measurements. These points were no more than 1 C° away from the 
curve.
The second system was carbon tetrachloride and pyridine (Figure 5.1). The 
purpose of running this system was to further check the apparatus and procedure. 
Like the first system, the data was compared to the results of Goates and Ott(1986). 
This system was different from the first in that its SLE diagram shows the formation 
of a compound between the two components. The points were again less than 1 C° 
from the curve.
The third system was nitromethane and acetone (Figure 5.2). This was the 
first completed system that was not also found in literature sources. The purpose for 
running this system was to find out if it did or did not form a compound. NMR 
studies of this combination of solvents indicated that compound formation was a 
possibility. The phase diagram, however, shows that the system has a simple eutectic
24
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Figure 5.1 Phase diagram for carbon tetrachloride in pyridine
Acetone in* Nitromethane
Mole Fraction Acetone
Figure 5.2 Phase diagram for acetone in nitromethane
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with no compound formation. A best fit of the solubility equation (10) and regular 
solution theory (12) to the data showed that the heat of fusion was 7240 J/m ol for 
acetone and 7700 J/m ol for nitromethane (Table A.1). This best fit also indicated that 
the difference of solubility parameters was either .085 (J/cc)s or .062 (J/cc)s 
depending upon which freezing curve was fit-nitromethane or acetone respectively. 
A listing of SOLHFUS, the program used to fit the data, is in Appendix C. Using the 
heats of fusion generated by the best fit, activity coefficients were calculated for each 
of the data points (Table A.2). A listing of SOLGAM, the program used for the 
calculation, can also be found in Appendix C.
The fourth, fifth, and sixth systems were run specifically to determine heats of 
fusion and solubility parameters. These systems were thianthrene and phenanthrene 
(Figure 5 3), salicylic acid and phenanthrene (Figure 5.4), and 3-hydroxybenzoic add 
and phenanthrene (Figure 5.5). The data collected from these systems are needed to 
predict the solubility of these compounds in supercritical fluids. Phenanthrene was 
chosen as the counter component for two reasons. It is an aromatic compound with 
no functional groups and it has a fairly similar structure to thianthrene. More 
importantly, its heat of fusion was known and it could be used to check the accuracy 
SOLHFUS's output. For phenanthrene in thianthrene, the heat of fusion was 
determined to be 16,700 J/m ol. This should good agreement with the literature which 
dted the value at 16,600 J/m ol (Casellato et.al., 1973) and 16,700 J/m ol (Osborn and 
Douslin, 1975). The heats of fusion for thianthrene, salicylic add, and 3-
hydroxybenzoic add were determined to be 24,600 J/m ol, 14,900 J/m ol, and 55,500 
J/m ol respectively (Table A .l). For the first two systems, the best fit curve does 
approximates the data fairly well, which can be verified by the relatively low sum of 
squares of error. For the third system, however, the curve does not fit nearly as well. 
This poor fit probably explains the seemingly high value for the heat of fusion.
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Figure 5.3 Phase diagram for thianthrme in phenanthrene
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Mole Fraction Salicylic Acid
Figure 5.4 Phase diagram for salicylic acid in phenanthrene
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Figure 5.5 Phase diagram for 3-hydroxy benzoic add in phenanthrene
It could also be an indication that the regular solution theory does not work well lor 
this system. A more likely explanation might be the shape of the liquidus line. At 
about a composition of 50%, there is a strong inflection in the curve. This could be 
an indication that one or more compounds were formed in the sample. Because 3- 
hydroxybenzoic acid has two reactive hydroxyl sites, compound formation is very 
possible.
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C haggJt
Recpmmendflttoro for M m ..Jfltorls
1) Although the overall design of the apparatus functioned well, 
improvements could be made. The stirring rod could have a straight path 
between the bottom of the freezing chamber and its tube in the cap. Because 
of the restriction at the joint between the freezing tube and the cap, the stirring 
rod rubbed against the glass. Occasionally, the friction would become great 
enough to stop the stirring completely. Even if the stirring rod did not stick, 
the squeak produced from this rubbing was always highly annoying. T*te rest 
of the improvement suggestions are actually modifications to the original design 
to accommodate solids, which were not initially considered. First, a system for 
adding solid samples without opening the cap could be added to the design. 
One possibility would be an air-lock system that the sample could be placed in, 
the air-lock evacuated and flushed with nitrogen, and then the sample added to 
the freezing chamber. Second, the apparatus was not designed for the 
temperatures at which solid systems need to be run. The RTD probe, the 
stirring rod, and the iron load at the top of the stirrer all started to oxidize 
when they were exposed to 150* °C. The biggest problem with this was that as 
the iron load rapidly rusted, it could no longer move in its tube and thus the 
stirrer would stop. Third, as the solid samples were heated, they would 
sublime as well as melt. This vapor from the sample would then recrystallize 
at the top of the freezing chamber where the glass was much cooler. 
Wrapping the top with heating tape helped reduce this problem, but it did not 
stop it. Fourth, because the sample needed to be liquid during clean-up, the 
chamber had to be near to 200-220 °C  Wearing insulating gloves made it very
32
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difficult to handle the glassware and did not totally remove the risk of getting 
burned. A procedure for cleaning the sample from the chamber could also be 
considered.
2) The primary emphasis in evaluating this data was the determination of 
heats of fusion and solubility parameters (along with activity coefficients for 
one s>stem). Much more could be determined from SLE phase diagrams. A 
better procedure for studying activity coefficients along the curve could be 
developed. One possibility would be to calculate the activity coefficient at each 
data point rather than doing a best fit of solubility parameters along with the 
heat of fusion and then fitting those activity coefficients to various equations. 
Another possible study could be to use the phase diagram of compound 
forming systems to determine equilibrium constants between the compound and 
the two pure components.
34
APPENDIX
Appendix A 
Appendix B 
Appendix C 
Appendix D
Tables of Calculated Properties 
Tables of Collected Data 
Fortran Programs Used in this Study 
Nomenclature Used in this Report
34
APPENDIX
Appendix A Tables of Calculated Properties
Appendix B Tables of Collected Data
Appendix C Fortran Programs Used in this Study
Appendix D Nomenclature Used in this Report
35
Appendix A
Tables of Calculated Properties
Output of SOLHFUS 36
Activity Coefficients for Nitromethan/Acetone 37
Output of beat fit program 'SOLHFUS'
36
Thlanthrene In Phenanthrene
Heat of Fusion of Pure Component 
Solubility Parameter of Pure Component 
Solubility Parameter of Added Component
Sum of Squares ■  32.01
Phenanthrene in Thlanthrene
Heat of Fusion of Pure Component 
Solubility Parameter of Pure Component -  
Solubility Parameter of Added Component
Sum of Squares *  .340
Salicylic Add in Phenanthrene
Heat of Fusion of Pure Component 
Solubility Parameter of Pure Component 
Solubility Parameter of Added Component
Sum of Squares «* 26.63
3-Hvdroxvbenzoic Add in Phenanthrene
Heat of Fusion of Pure Component 
Solubility Parameter of Pure Component *  
Solubility Parameter of Added Component
Sum of Squares -  334.6
Nltromethane in Acetone
Heat of Fusion of Pure Component 
Difference in Solubility Parameters 
between Pure and Added Components
Sum of Squares -  230.8
Acetone in Nltromethane
Heat of Fusion of Pure Component 
Difference in Solubility Parameters 
between Pure and Added Components
Sum of Squares *  4.46
24600 J/mol 
20.27 or 20.33 0 /cc)3 
20.30 0/cc)-5
16700 J/mol 
20.30 0 /cc)3 
20.29 or 20.31 0 /cc)3
14900 J/mol 
35.74 or 14.86 0/ec)3 
20.30 0 /cc)3
55500 J/mol 
20.30 0 /cc)3 
24.70 or 15.90 0 /cc)3
7700 J/mol 
.085 0 /cc)3
7240 J/mol 
.062 0 /cc)3
37
Activity Coefficient* for 
................. i*ne /  Acetone
-^ A c tto n e - ■ I to io w -3!Nitram*th«n*-
0.00 — 1.000
0.10 ---- - 1.022
0.18 — 1.046
0.25 — 1.065
0.32 — 1.0/8
0.38 — 1.125
0.43 1.121
0.56 — 1.066
0.63 — 1.048
0.69 ----- 0.926
0.72 — 0.900
0.75 — 0.892
0.77 — 0.765
0.77 0.952 ■ - n ,
0.84 0.974
0.91 1.031 —
1.00 1.000
38
Appendix B
Tables of Collected Data
Carbon tetrachloride and Furan 39
Carbon tetrachloride and Pyridine 40
Nitromethane and Acetone 41
Thknthrene and Phenanthrene 42
Salicylic add and Phenanthrene 43
3-Hydroxybenzolc add and Phenanthrene 44
Pccm *  1-594 
PPurtn “ 0.936
M W oc 
MW,
■  153.8 
-  68.06
Run Increment CCL, Increment Fur J k x * . --Ln.ll
Set 1
1 * 15.0 ml — 1.00 251 K
2 — ’ 1.26 ml 0.90 243 K
3 — 1.56 ml 0.80 227 K
4 — 2.01 ml 0.70 215 K
5 — 2.69 ml 0.60 204 K
6 — 3.75 ml 0.50 199 K
SfiL2
7 ’ 23.84 g — 1.00 251 K
8 — — ‘ 104 g 0.91 236 K
9 — * 16.00 g 0.00 188 K
10 ‘ 7.96 g — 0.18 172 K
11 6.30 g — 0.28 179 K
Indicates the initial increment added to the sample rhamfrfr
40
Prridlnt
M W m i
M W py,
-  153.8 
■  79.1
_ & u l Increment CCl^ Increment Pvr -Xccu- — L n *lt
1 ' 23.91 g 1.00 251 K
2 — * 4.78 g 0.72 230 K
3 ---- 4.03 g 0.58 231 K
4 — 4.05 g 0.49 228 K
Indicates the initial increment added to the sample chamber
41
Aflft—and Acetone
MWcNoa -  61.04
MWta -  58.08
Run Increment CNOT Increment Ace ■ W
1 — ‘ 1171 g 1.00 178 K
2 ‘ M8 g — 0.91 176 K
3 123 g — 0.84 171 K
4 130 g —— 0.77 168 K
5 ‘ 7.24 g • n w g 0.63 195 K
6 2.38 g — 0.57 203 K
7 * 17.75 g — 0.00 244 K
8 — ‘ 1.93 g 0.10 239 K
9 — 170 g 0.18 235 K
10 — 2.12 g 0.25 230 K
11 — 2.07 g 0.32 226 K
12 — 2.53 g 0.38 223 K
13 —— 2.60 g 0.43 218 K
14 ' 2.80 g * 7.98 g 0.75 175 K
15 0.96 g — 0.69 184 K
16 — 123 g 0.72 179 K
Indicates the initial increment added to the sample chamber
42
Thianthrene and Phenanthreno
MW™,
M W p ^
= 2163 
*  178.2
_Eun_ Increment Thla Increment Phen -&nu» T—i-melt-
l * 10.55 g — 1.00 429 K
2 — * 0.45 g 0.95 425 K
3 — 0.52 g 0.90 423 K
4 — 0.57 g 0.85 420 K
5 •--- 0.63 g 0.80 416 K
6 — 0.73 g 0.75 412 K
7 — 0.83 g 0.70 409 K
8 — 0.96 g 0.65 405 K
9 — 1.11 g 0.60 400 K
10 — 1.32 g 0.55 397 K
11 . . . . 1.58 g 0.50 391 K
12 ---- * 10.00 g 0.00 372 K
13 * 0.64 g — 0.05 369 K
14 0.71 g — 0.10 365 K
15 0.77 g — 0.15 361 K
16 0.89 g — 0.20 357 K
17 1.01 g — 0.25 356 K
18 115 g — 0.30 362 K
19 1.33 g — 0.35 370 K
20 1.56 g — 0.40 377 K
21 1.84 g — 0.45 383 K
22 2.21 g ---- 0.50 389 K
Indicates the initial increment added to the sample chamber
43
Salicylic Add and Phenanthrene
MWg., = 138.1 
M W n-. -  1782
JiMZL Increment Phen Increment Sal J£s*i_ —Im lt
1 — * 10.07 g 1.00 432 K
2 * 145 g — 0.90 423 K
3 180 g — 0.80 416 K
4 2.31 g — 0.70 410 K
5 3.09 g — 0.60 404 K
6 4.34 g — 0.50 397 K
7 * 10.00 g — 0.00 37C K
8 — * 0.85 g 0.10 367 K
9 — 1.12 g 0.20 368 K
10 — 136 g 0.30 381 K
11 — 1.76 g 0.40 390 K
12 — 2.74 g 0.50 399 K
Indicates the initial increment added to the sample chamber
44
M fedroxybenzoic Add and Phenanthrene
MWjhba
MWphen
a  138.1
=  1 7 8 .2
ftun Increment Phen Increment 3HBA -&3HBA- ---Xoitlt
1 * 8.03 g — 0.00 372 K
2 — 0.69 g 0.10 426 K
3 — 0.88 g 0.20 440 K
4 — 110 g 0.30 447 K
5 * 8.40 g * 2.70 g 0.29 447 K
6 — 1.64 g 0.40 449 K
7 — 216 g 0.50 450 K
8 — * 8.24 g 1.00 472 K
9 ‘ 121 g --- - 0.90 466 K
10 1.48 g — 0.80 457 K
11 1.85 g — 0.70 454 K
12 2.60 g — 0.60 451 K
Indicates the initial increment added to the sample chamber
45
Appendix C
Fortran Programs Used in this Study
SOLHFUS-Best fits (x,T) data to Ahr and AS 46
SOLGAM -Calculates activity coefficients from data 52
SLEPLOT-Prepares a data file of points along the best 55 
fit curve (to be used in GRAPHER)
program solhfui 46
c THIS PROGRAM WILL DETERMINE THE HEAT OF FUSION AND THE 
c SOLUBILITY PARAMETERS (optional) BY DOING A LEAST SQUARBS 
c BEST FIT OF EXPERIMENTAL SLE DATA TO THE FOLLOWING EQUATION:
c
c T -  TM * (V2*PHIA2*(deIl-d#I2)/v2+Hfy(Hf-RTM*ln(x2))
c
c WHERE TM -  MELTING TEMPERATURE OF THE PURE COMPONENT (2) 
c V2 ■  MOLAR LIQUID VOLUME OF THE PURE COMPONENT
c VI -  MOLAR LIQUID VOLUME OF THE ADDED COMPONENT (1)
c dell- SOLUBILITY PARAMETER OF THE ADDED COMPONENT
* c del2» SOLUBILITY PARAMETER OF THE PURE COMPONENT
c Hf-LATENT HEAT OF FUSION OF THE PURE COMPONENT
c PH I«(V l*xl)/(V l*xl+V 2*x2)
c
c THE PROGRAM WILL PROMPT FOR THE ;,3ARY VARIABLES, 
c THE USER MUST SUPPLY A VALUE FOR EVERYTHING EXCEPT THE 
c SOLUBILITY PARAMETERS WHICH HE MAY OR MAY NOT ENTER 
c DEPENDING ON THE AVAILABILITY OF THEM, 
c IF A SOLUBILITY PARAMETER IS UNKNOWN ENTER -1 AT THE 
c APPROPRIATE TIME.
integer i,count,ucount,niig,maxfh,iopt,ixjac,infer,ier 
real vl.v2.del,dell,del2,Hf,TM,x(100),T(100),u(2),epg,delta,
+ parm(4),Mq/(100),xjac(100^)^jtj(3),work(213),temp 
character* 13 outfile.datfile.side 
logical knowdel
common /block 1/v 1, v2,del,TM,x,T,knowdel 
external func 
c
write(*,*) (i-1,25)
write(V) ’What name would you like to give the output file? ’ 
read(*,l) outfile 
1 format(A) 
write(*,*)
3 write(*,*)
write(*,*)’What name would you like to give to the SLE plot file?* 
read(*,l) datfile 
if(outile.eq.datfile) then 
go to 3
endif 47
open(unit-3,file-outfUe,itatus«’new’)
open(unit-4,fUe-datfile,itatus*»’new’)
c
write!*,*)
10 write!*,*) 
write!*,*)
write!*,*) ’What is the melting temperature of the pure component 
+(degrees Q  ? ’ 
read!*,*) TM 
TM-TM+273.2 
if(TM.le.O) then 
write!*,*)
write!*,*) ’WOW!! HOW DID YOU DETERMINE THAT????’ 
goto 10 
endif
12 write!*,*) 
write!*,*)
write!*,*) ’What is the molar liquid volume of the pure component 
+(cc/mol) ? ’ 
read!*,*) v2 
if(v2.1e.O) then 
write!*,*)
write!*,*) ’THE MOLAR VOLUME MUST BE POSITIVE!!I’ 
go to 12 
endif
14 write(*,*) 
write!*,*)
write!*,*) ’What is the molar liquid volume of the added component 
+ (cc/mol) ? ’ 
read!*,*) vl 
if(vl.le.O) then 
write!*,*)
write!*,*) ’WHOOPS. THE VOLUME CANNOT BE NEGATIVE OR ZERO! I! ’ 
goto 14 
endif 
write!*,*) 
write!*,*)
write!*,*) ’What is the solubility parameter for the pure cotnponen 
+t «J/cc]M ) ? ’
write!*,*) ’ Bnter-1 if unknown’
c
c
read(V )del2 
w rite(V ) 
writ#(*,•)
w ri*(*,*) 'Whet U the eoluMttty perimeter ftar the added corapme
+nt ([JA*]A.5) 7 *
w ritK *,*)' Baler-1 if  unknown’
reed(*,*) dell
if(del 1 .eq.-1 .or.del2.eq.-1) then 
knowdel".falee. 
u(2) - 1 0  
ucount>2 
alee
knowdel-.tnie. 
del-dell-del2 
ucount ■  1 
endif
c
cou nt" 1
write(V) 'Now enter the VLB date in the form (x,T)’ 
w f t o f * . * )  * Whom x ■  mote friction of d i m  oonmonmt* 
wrlte(V) ’ T ■ moldni tenaperetuit et thei compoeilion (
w rite (V )
write(*,*) ’ Enter-1 for x when done.’
c
20 wiite<*,*)
reed(*.*) x(count),T(count)
T(oount)»T(count)+273.2
c
if(x(count).eq.*l) then 
counMount>l 
go to 30
eleeif(x(count).lt0.or.x(count).gU.or.T(count)JtO) then 
write(*,*)
w rite(V ) 'DATA OUT OF PHYSICAL RANOB III’ 
else
caunt"ccunt+l 
endif 
go to 20
49c
30 write(*,*)
write(*,*) ’Will the pun component be on the left, or on the righ
+t of die SLB diagram?’ 
read(*,l) side
if(iide.ne. ’right’ .and.flde.ne. ’r\and.side.ne.’left\and.«ide.ne 
+ .T )  then 
go to 30 
endif
n*ig«4 
eps«le-6 
delta-0.0 
maxfn-1000 
iopt-1 
ixjac-count 
u(l) - 1 0 0 0  
asq -1000 . 
c
call zxuq(func,count,ucount,nsig£pufelta,maxfh,iopt4>ann,u, 
+ ■ aq.f.J^ ac.ixjaC'Jtjtf.work^ nfer.ier)
c
c
H f - u ( l )
w rite(V ) ’Heat of Fusion of Pure Component ■  ’ .Hf 
write(3,*) ’Heat of Fusion o f Pun Component • ’.Hf 
write(*,*) 
write(3,*)
if(.notknowdel) then
d el-u<2) 
if(del2.ne.-l) then
write(*,2) ’Solubility Parameter of Pun Component -  ’,del2 
write(3,2) ’Solubility Parameter of Pure Component *  ’,del2 
write(*,3) ’Solubility Parameter of Added Component »  ’,
+  del2+u(2),’ or ’4el2*u(2)
write(3,3) ’solubility Parameter of Added Component ■  ’,
+  del2+u(2),’ or ’,del2-u(2)
2 format(lxtatf7.3)
3 fonnat(lxA f6.3A f6.3) 
elseiftdel 1 .ne.-1) than
write(*,3) ’Solubility Pan m em  of Pun Component ■
+  dell+u(2),’ or ’,dell-u(2)
write(3,3) 'Solubility Parameter of Pure &mpenent ■
+ dell+u(2),' or ’,dell-u(2)
write(*,2) 'Solubility Panuneter of Added Component -  '.dell 
write(3.2) 'Solubility Panuneter of Added Component -  ’.dell 
elie
write(*,2) 'The difference of Solubility Parameters of Pure a 
+nd Added Components -  \u(2)
write(3,2) 'The difference of Solubility Parameters of Pure a 
+nd Added Components ■  ’,u(2) 
endif 
else
write(*,2) 'Solubility Parameter of Pure Component ■  ’,del2 
write(3,2) 'Solubility Parameter of Pure Component -  ',del2 
write(*,2) 'Solubility Parameter of Added Component -  '.dell 
write(3,2) 'Solubility Parameter of Added Component ■  ’.dell 
endif 
write(*,*) 
write(*,*) 
write(3,*) 
write(3,*)
write(*,2) 'Sum of Squares ■  ’.ssq 
write(3,2) 'Sum of Squares ■  ’.ssq 
write(*,*) 
do 300 i -  1,1000 
if(side.eq.’righ:’.or.side.eq.’r’) then 
write(4,*) i/1000.0,Temp(i,TM,v 1 ,v24el Jif) 
else
write(4,*) 1.0*i/1000.0,Tetnp(i,TM,v 1 ,v2,del,Hf) 
endif
300 continue 
c
close(unit">3)
close(unit*4)
stop
end
c
c
c
c
subroutine func(un,cou,ucou,f) 
integer i.cou.ucou
real un(2)f(100),v 1 ,v2,del,TM,x(100),T( 100),R,phi
logical know 91
common /block 1/v 1, v2,del,TM,x,T Jcnow 
R-8.314
c
if (know) then 
do 100 i*l,cou
phi -  v 1 *( l-x(i)V(v 1 *( 1 -x(i))+v2*x(i)) 
phi ■  phi**2
f(i) ■ T(i)-TM*(v2*phi*del**2+un(l ))/(un( 1 )-R*TM*log(x(i))) 
100 continue 
else
do 200 i*l,cou
phi -  v 1 *( 1 -x(i)V(v 1 *( 1 -x(i))+v2*x(i)) 
phi ■  phi**2
f(i) ■ T(i)>TM*(v2*phi*un(2)**2+un(l))/(un(l)-R*TM*log(x(i))) 
200 continue 
endif 
c
write(*,*) un(l),un(2) 
return 
end 
c 
c 
c 
c
real function temp(i,TM,v 1,v24el3f) 
real TM,vl,v2,del,Hf,x 
integer! 
c
x-i/1000.0
phi ■  v 1 *( 1 -x)/( v 1 *( 1 -x)+v2*x)
temp -  TM*(v2*phi**2*del**2+HfV(Hf-8.314*TM*log(x)) 
c
return
end
program solgam 52
c
c THIS PROGRAM WILL DETERMINE THE ACTIVITY COEFFICIENTS ALONG 
c A LIQUEDUS LINE FROM THE FOLLOWING EQUATION:
c
c GAMMA *  exp[Hf*(l -TM/T(i)V(R*TM)] / X2(i) 
c
C WHERE TM -  MELTING TEMPERATURE OF THE PURE COMPONENT (2) 
c Hf-LATENT HEAT OF FUSION OF THE PURE COMPONENT
c (x,T)i« POINTS ALONG THE SLE UQUIDUS CURVE 
c R -  GAS CONSTANT 
c
c THE PROGRAM WILL PROMPT FOR THE NECESSARY VARIABLES, 
c THE USER MUST SUPPLY A VALUE FOR EVERYTHING EXCEPT THE 
c SOLUBILITY PARAMETERS WHICH HE MAY OR MAY NOT ENTER 
c DEPENDING ON THE AVAILABILITY OF THEM,
c IF A SOLUBILITY PARAMETER IS UNKNOWN ENTER -1 AT THE
c APPROPRIATE TIME, 
c 
c
integer i, count
real Hf,TM.x(100).T(100)
character* 15 datfile.side
c
write(**) (i-1,25)
1 format(A)
write(*,*)’What name would you like to give to the gamma plot file 
+ ? '
read(*,l) datfile
c
open(unit«4,file-datfile,status-,new’)
c
write(*,*)
10 write(V) 
write(*,*)
write(*,*) 'What ii the Freezing Temperature of the pure component 
+ (degrees C) ? '  
read(V) TM 
TM-TM+273.2 
if(TM.le.O) then 
write(*,*)
write(*,*) ’WOW! I HOW DID YOU DETERMINE THAT??? *
go to 10 M
endif 
c
write(*,*)
write(*,*)
write(*,*)
writc(*,*) ’What is the Heat of Fusion for the pure component (J/m 
+ o l)? ’ 
read(*,*) Hf 
write(*,*) 
write(*,*' 
c
count -  1 
c
write(*,*) 'Now enter the VLB data in the form (x,T)’ 
write(V) ’ Where x = mole fraction of pure component’ 
write(V) ’ T = melting temperature at that composition ( 
-Kiegrees C) ’ 
write(*,*)
writeC*,*) ’ Enter • 1 for x when done. ’ 
c
20 write(*,*)
read(V) x(count),T(count)
T(count)-T(count)+273.2
c
if(x(count).eq.-l) then 
count-count-1 
go to 30
elieif(x(count).lt.0.or.x(count).gt 1 .or.T(count).lt0) then 
write(*,*)
write(*,*) ’DATA OUT OF PHYSICAL RANGE III’ 
else
count-count* 1 
endif 
go to 20
c
30 write(*,*)
write(V) ’Will the pure component be on the left, or on the righ 
+t of the SLE diagram?’ 
read(*,l) side
if(side.ne. *right’.and.skfe.ne. ’r’.and.side.ne. ’left'.and.side.ne 
+.T) then
goto 30 54
endif 
c 
c 
c
do 300 i«l,count
if(*ide.eq. 'right’.or.iide.eq. ’r’) then 
write(4,*) x(i),Gamma(x(i),T(i),TM,Hf) 
else
write(4,*) 1.0-x(i),Gamma(x(i),T(i),TM,Hf) 
endif
300 continue 
c
cloie(uniM)
MOp
end
c
c
c
c
real function Oaana(x,T,TMJtt) 
real x,T,TMJif,R 
panunater(R-8.314)
c
Gamma -  exp(Hf*( 1,0-TM/ry(R*TM)yx
c
return
end
program ileplot M
real hf,del,vl,v2pc,T,TM 
integer i
character*20 filename,lide 
write**,*) 'Input filename for output’ 
read(*,l) filename 
1 format(a)
c
write**,*)
write(*,*)
open(unit»l .file-filename,itatua«’new’)
write{*,*) ’Input the HeatofFuiion'
read(*,*) Hf
write**,*)
write**,*)
write**,*) 'Input the liquid molar volume’
read**,*) v2
write**,*)
write**,•) 'Input the liquid molar volume of lolute’
read**,*) vl
write**,*)
write**,*)
write(*,*) 'Input the difference of del’
read**,*) del
writer,*1)
write**,*)
write**,•) 'Input the melting temperature*
read**,*) TM
write**,*)
write{*,*)
write**,*)'Left or Ritf it (L/R)’ 
read(*,l) tide
c
do 100 i« l,1000
write* 1,*) i/1000.0,T(i,Hf,TM,v 1, v2,del,iide)
100 continue 
c
close*unit-l)
itop
end
c
c
c 96
real function T(itHf,TM,v 1 ,v2,del,*ide) 
real Hf.TM.v 1 ,v2,deltphi,x,R 
character*20 tide 
R»8.314
if (side.eq.’L'.or.side.eq.T) then 
x-1.0-i/1000.0 
eUe
x-i/1000.0
endif
phl«vl*(l-xV(vl*(l-x)+v2*x)
T-TM*{phi**2*del**2*v2+HfV(Hf-R*TM*lof(x))
return
end
Appendix D
Nomenclature Ueed in this Report 58
58
idature and Abbreviation*
■ molar heat capacity
/ » fugadty
g m molar glbb'a free energy
MW m molecular weight
R m gas constant
s m molar entropy
T M temperature
T*m m melting (freezing) temperature
X m molar composition
V m molar liquid volume
y - activity coefficient
8 • solubililty parameter
Ah' * latent heat of fusion
P m density
3HBA - 3-hydroxybenzoic add
C N 0 2 - nitromethane
Fur « furan
Phen « phenanthrene
Pyr ■ pyridine
Sal - salicylic add
This - thianthrene
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